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SUMMARY 


This  paper  presents  physical  measurements  of  the  interior  noise  and  vibration 
obtained  within  eight  operational  military  helicopters.  The  data  were  analyzed  and 
are  presented  in  the  following  forms:  noise  and  vibration  spectra,  overall  root- 
mean-square  acceleration  levels  in  three  linear  axes,  peak  accelerations  at  dominant 
blade  passage  frequencies,  acceleration  exceedance  data,  and  overall  and  ^'A'^-weighted 
sound  pressure  levels.  Peak  acceleration  levels  were  compared  to  the  ISO  1-hr 
reduced  comfort  boundary,  the  fatigue  decreased  proficiency  boundary,  and  the  NASA 
discomfort  criteria.  The  "A"-weighted  noise  levels  were  compared  to  the  NASA  annoy¬ 
ance  criteria,  and  the  overall  noise  spectra  were  compared  to  MIL-STD-1294 
("Acoustical  Noise  Limits  in  Helicopters").  It  is  shown  that  specific  vibration 
components  at  blade  passage  frequencies  for  several  aircraft  exceeded  both  the  ISO 
reduced  comfort  boundary  and  the  NASA  passenger  discomfort  criteria.  The  "A"- 
weighted  noise  levels,  corrected  for  SPH-4  helmet  attenuation  characteristics, 
exceeded  the  NASA  annoyance  threshold  for  several  aircraft.  The  spectral  components 
of  the  noise  at  cruise,  corrected  fcr  helmet  attenuation,  fell  within  the  limits  of 
MIL-STO- 1294  for  all  aircraft. 

N 

\ 

NTRODUCTION 

\ 


The  specification  of  internal  noise  and  vibration  criteria  for  passenger/crew 
comf«~ic  is  becoming  increasingly  important  as  the  helicopter  industry  strives  to 
achieve  an  improved  qi ality  ride  in  rotary  wing  aircraft.  In  a  recent  paper 
(ref.  1),  the  attainment  of  a  "jet-smooth"  ride  was  identified  as  a  primary  goal  of 
the  helicopter  industry  for  commercial  and  certain  military  helicopters.  It  was 
noted  that  criteria  accounting  for  both  multiple  axis  vibration  and  interior  noise 
are  needed.  »  key  element  in  the  development  of  such  criteria,  as  well  as  the 
development  of  improved  vibration  and  noise  control  technology,  is  knowledge  of  the 
interior  i.oise  and  vibration  environments  experienced  by  the  occupants  of  current 
helicopters. 


Although  a  substantial  amount  of  helicopter  vibration  and  interior  noise  data 
exists  in  the  literature  (refs.  2  to  7),  it  is  generally  not  presented  in  a  context 
or  format,  directed  toward  the  assessment  of  vehicle  ride  quality.  The  purposes  of 
this  paper  are  (1)  to  present  a  vibration  and  interior  noise  data  base  in  a  format 
suitable  for  direct  evaluation  of  aircraft  ride  quality  and  (2)  to  assess  the  mea¬ 
sured  environment  agarnst  available  criteria  as  an  indication  of  the  state  of  the  art 
for  current  machines.  These  data  were  obtained  within  the  crew/passenger  compartment 
during  operational  flights  of  both  Army  and  Navy  helicopters.  To  accomplish  these 
purposes,  a  joint  effort  was  conducted  between  the  NASA  Langley  Research  Center  at 
Hampton,  Virginia,  and  the  U.S.  Army  Applied  Technology  Laboratory,  AVRADCOM  Research 
and  Technology  Laboratories  at  Ft.  Eustis,  Virginia.  With  further  cooperation  of  the 
Aviation  Material  Management  Division  of  the  U.S.  Army  Transportation  School  at 
Ft.  Eustis,  Virginia,  and  NAVAIRLANT  located  at  the  Naval  Air  Station  at  Norfolk, 
Virginia,  a  total  of  eight  helicopters  (five  Arny  and  three  Navy)  were  used  to  obtain 
cabin/cockpit  vibration  and  noise  measurements  during  routine  flights  over  a  range  of 
airspeeds.  It  should  be  emphasized  that  the  measurements  were  made  on  operational 
vehicles  during  schc^  ' ed  mission  flights  with  no  attempt  at  tuning  the  systems  to 
achieve  minimum  le  or  to  select  vehicles  known  to  have  high  vibration  and/or 


noise  levels.  The  resulting  data  were  extensively  analyzed  and  are  presented  in  this 
paper  in  a  format  suitable  for  use  in  the  evaluation  of  helicopter  ride  quality.  The 
results  include  the  following  basic  parameters:  cabin  interior  noise  and  vibration 
spectra,  overall  root-mean-square  acceleration  levels  in  the  three  linear  axes,  peak 
accelerations  at  dominant  frequencies,  overall  sound  pressure  level,  and  "AM-weighted 
sound  pressure  level.  The  dominant  vibration  components  (IP,  2P,  3P,  etc.)  for  each 
helicopter  are  compared  to  the  ISO  reduced  comfort  boundary,  the  fatigue  decreased 
proficiency  boundary,  and  the  recently  developed  NASA  discomfort  criteria.  Noise- 
level  comparisons  are  made  to  the  current  military  interior  noise  specification  and 
to  possible  criteria  levels  obtained  from  other  investigations.  The  problems 
involved  in  achieving  acceptable  ride  quality  are  discussed,  and  suggestions  are  made 
for  a  follow-on  study  to  directly  obtain  crew  subjective  reactions  to  helicopter 
noise  and  vibration  environments. 


SYMBOLS  AND  ABBREVIATIONS 

"A“  specific  weighting  of  each  octave  or  one-third  octave  of  noise  spectra 

g  acceleration  due  to  gravity,  g  units 

gp  peak  acceleration,  g  units 

grms  root-mean-square  acceleration,  g  units 

La  "A"-weighted  overall  sound  pressure  level,  c'S 

P  rotor  rotational  speed,  rps 

Abbreviations : 

dB  decibel 

FDPB  fatigue  decreased  proficiency  boundary 

H-1  to  H-8  helicopter  (aircraft)  designations 
IGE  in  ground  effect 

ISO  International  Standards  Organization 

NASA  National  Aeronautics  and  Space  Administration 

NP  rotor  blade  passage  frequency,  where  N  is  number  of  main  rotor  blades,  Hz; 

IP,  2P,  etc. ,  rotor  vibrational  frequencies 

OASPL  overall  sound  pressure  level,  dB 

OGE  out  of  ground  effect 

RCB  reduced  comfort  boundary 

rns  root  mean  square 

rpm  revolutions  per  minute 


SPL  sound  pressure  level,  20  log  q"qq qq g '' •  (re  20  fiPa) 

TSA  Time  Series  Analysis  Program 


EXPERIMENTAL  METHOD 

Interior  noise  and  vibration  measurements  were  obtained  on  eight  military  heli¬ 
copters  during  routine  operational  flights.  The  following  sections  discuss  details 
of  the  helicopters,  instrumentation,  measurements,  and  data  reduction. 


Details  of  Helicopters  (Aircraft) 

Various  descriptive  characteristics  of  the  eight  helicopters  are  given  in 
table  I.  These  include  the  aircraft  and  corresponding  designation  used  in  this 
report,  branch  of  military  service,  design  gross  weight  and  actual  flight  weight, 
main-rotor  and  tail-rotor  revolutions  per  minute  (rpm),  number  of  rotor  blades,  and 
rotor  frequencies  in  hertz.  Throughout  this  report,  the  aircraft  are  referred  to  by 
the  designations  listed  in  table  I  (H— 1  for  the  OH-58C,  H-2  for  the  UH-1H,  H-3  for 
the  AH- IS,  H-4  for  the  SH-2F,  H-5  for  the  UH-60A,  H-6  for  the  UH-46D,  H-7  for  the 
CH-47C,  and  H-8  for  the  RH-53D).  Photographs  of  these  aircraft  are  shown  in  fig¬ 
ures  1(a)  to  1(h). 


Instrumentation 

The  instrumentation  consisted  of  devices  for  recording  both  vibration  and  noise. 
The  vibration  instrumentation  consisted  of  a  portable  triaxial  accelerometer  package 
and  a  sever. -channel  analog  frequency-modulated  (FM)  tape  recorder.  The  accelerome¬ 
ters  had  a  flat  frequency  response  from  0  to  20  Hz,  and  the  response  was  down  3  dB 
at  30  Hz,  4*5  dB  at  50  Hz,  and  13  dB  at  100  Hz.  The  reason  for  the  roll-off  was  that 
the  accelerometer  package  was  designed  for  ride  quality  purposes  which  required  high 
sensitivity  to  low-frequency  vibrations.  Vibration  at  higher  frequencies  (above 
about  30  Hz)  is  less  important  to  ride  quality  and,  in  fact,  is  usually  obscured  by 
the  noise  environment.  (See  ref.  8.)  The  seven-channel  FM  tape  recorder  used  to 
record  vibration  had  flat  response  from  0  to  500  Hz.  Prior  to  each  flight  a  calibra¬ 
tion  signal  was  recorded.  The  vibration  calibration  was  1g  in  each  axis,  accom¬ 
plished  by  rotating  the  accelerometer  box.  In  addition,  a  1-volt  direct-current 
signal  was  used  on  a  separate  channel  as  a  data  marker.  The  signal  was  turned  on 
when  the  tape  was  up  to  speed  and  turned  off  at  the  end  of  each  data  segment. 

The  sound  recording  instrumentation  consisted  of  a  dual-track  tape  recorder  and 
dual  microphones  usually  semisoft  mounted  near  the  pilot's  and  co-pilot's  heads. 

Other  times  the  microphones  were  located  in  the  cabin.  (See  "Measurements.")  Hie 
microphones  had  flat  response  from  2  Hz  to  15  000  Hz.  The  audio  tape  recorder  had 
flat  response  from  16  Hz  to  15  000  Hz  and  was  down  4  dB  at  12.5  Hz  and  9  dB 
at  10  Hz.  Prior  to  each  flight,  a  noise  calibration  signal  of  114  dB  at  1000  Hz 
(from  a  pistonphone)  was  recorded  on  each  track  of  the  audio  recorder.  A  separate 
voice  track  on  each  recorder  was  used  to  record  point  number  and  flight  conditions. 
The  accelerometer  system,  microphones,  and  both  tape  recorders  were  powered  by  inter¬ 
nal  batteries.  Ibis  required  no  aircraft  power  connection  and  allowed  for  quick 
instrumentation  installation  and  removal. 


Measurements 


The  accelerometer  package  was  gei.erally  placed  on  the  floor  near  the  pilot's 
seat-  The  actual  locations  of  the  accelerometer  package  and  microphones  within  each 
aircraft  are  shown  in  figure  2.  The  use  of  floor  measurements/  as  opposed  to  seat 
measurements,  was  based  on  the  results  of  NASA  research  which  demonstrated  that  floor 
acceleration  correlated  as  well  as  seat  acceleration  with  passenger  comfort  ratings 
(ref.  9). 


This  location  of  accelerometers  was  suitable  for  the  smaller  aircraft  but  proved 
unworkable  in  the  larger  aircraft  (H-6,  H-7,  and  H-8)  because  of  insufficient  cord 
lengths  and  the  fact  that  this  would  have  placed  the  measuring  instruments  out  of 
sight  and  reach  of  the  test  engineer.  Therefore,  in  these  aircraft  the  accelerometer 
box  and  microphones  were  placed  in  the  cabin  rather  than  the  cockpit.  In  aircraft 
H-7  the  accelerometer  was  mounted  in  the  passageway  between  cabin  and  cockpit,  as 
shown  in  figure  1(i).  In  aircraft  H-6  and  H-8  the  accelerometers  were  "semisoft" 
mounted  along  the  bulkhead  separating  cabin  and  cockpit.  In  each  of  these  aircraft 
the  microphones  were  mounted  above  the  trcop  seats  in  the  cabin,  one  on  the  port  side 
and  one  starboard.  The  unique  interior  layout  of  aircraft  H-4  prompted  a  similar 
microphone  installation.  A  typical  microphone  installation  for  the  smaller  aircraft 
is  shown  in  figure  1(j).  Both  recorders  and  the  accelerometer  box  in  aircraft  H-8 
are  shown  in  figure  1(k). 

Recordings  of  sound  and  vibration  were  made  for  a  wide  range  of  flight  condi¬ 
tions  on  each  aircraft,  including  hover  in  ground  effect  ( IGE ) ,  hover  out  of  ground 
effect  (OGE),  left  and  right  sideward  flight,  rearward  flight  IGE  at  approximately 
10  knots,  and  forward  level  flight  at  speeds  up  to  aircraft  maximum.  At  each  data 
condition  the  aircraft  velocity  and  altitude  were  recorded  from  the  aircraft  instru¬ 
ments.  Aircraft  speed  data  below  30  knots  must  be  considered  approximate  since  rotor 
downwash  in  this  region  rendered  the  internal  airspeed  measuring  devices  inaccurate. 
Prior  to  each  flight,  aircraft  take-off  gross  weight,  airfield  temperature,  and 
altimeter  settings  were  recorded. 


Data  Reduction 

The  interior  noise  and  vibration  recordings  made  in  the  field  were  subjected  to 
"quick-look"  analyses  for  obtaining  overall  levels  and  to  detailed  analyses  for 
obtaining  spectrum  content.  The  results  of  these  analyses  are  presented  in  both 
tabular  and  graphical  form  in  this  report.  Details  of  the  analyses  are  given  in  the 
following  sections. 

Vibration  analyses.-  The  "quick-look"  analysis  of  the  vibration  acceleration 
recordings  consisted  of  playing  the  recorded  signals  into  a  strip  chart  recorder  and 
simultaneously  into  a  frequency  analyzer  which  provided  real-time  narrow-band 
(0.125  Hz)  analyses  of  the  rms  acceleration  level  as  a  function  of  frequency  for  each 
axis  and  flight  condition.  These  levels  were  subsequently  verified  by  more  detailed 
spectral  analyses  using  the  computer  software  available  at  NASA  Langley  Research 
Center  for  the  analysis  of  digital  time  series  data  (TSA  program,  ref.  10).  The 
output  of  the  TSA  program  consisted  of  acceleration  power  spectral  density  in  g2/Hz, 
summary  statistics  (such  as  maximum,  minimum,  overall  rms,  standard  deviation),  and 
exceedance  values.  Approximate  peak  acceleration  levels  at  specific  frequencies  of 
interest  and  associated  harmonics  were  determined  by  integration  of  the  acceleration 
power  spectral  density  data.  To  obtain  these  values,  it  was  assumed  that  the 
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acceleration  waveforms  were  made  up  of  basically  sinusoidal  components.  This 
assumption  was  verified  by  examination  of  the  acceleration  time  histories  and  the  rms 
power  spectra. 

Interior  noise.-  The  "qu; ck-look"  analysis  of  the  noise  signals  was  accomplished 
by  playing  the  signals  into  graphic  level  recorders  which  produced  time  histories  of 
OASPL  (overall  sound  pressure  levels)  and  LA  ( "A"-weighted  sound  pressure  levels). 
One-minute  recordings  of  interior  cabin/cockpit  noise  for  each  flight  condition  were 
also  analyzed  with  a  real-time  one-third  octave  analyzer  and  graphic  level  recorders 
to  obtain  one-third  octave  band  noise  spectra  (OASPL)  and  To  obtain  representa¬ 

tive  noise  levels  during  each  flight  condition,  the  arithmetic  average  of  the  overall 
SPL's  from  the  two  microphones  was  used. 


RESULTS  AND  DISCUSSION 

The  results  of  this  investigation  are  presented  in  both  tabular  and  graphical 
form  (tables  II  to  VI  and  figs.  3  to  13).  The  first  part  of  this  section  discusses 
the  various  parameters  used  to  define  the  helicopter  vibration  environment  for  each 
of  the  flight  conditions,  and  the  second  part  describes  the  interior-noise- 
measurement  results.  This  section  concludes  with  a  comparison  of  noise  and  vibration 
data  to  existing  criteria  and  a  discussion  of  the  problems  and  possibilities  of 
achieving  acceptable  ride  quality. 


Vibration 

Peak  acceleration  levels  at  predominant  frequencies.-  Peak  acceleration  levels 
at  predominant  frequencies  are  presented  in  table  II  for  each  aircraft  fliqht  condi¬ 
tion  and  axis  of  vibration  (i.e.,  vertical,  lateral,  longitudinal).  These  data  are 
shown  graphically  in  figures  3(a)  to  3(h).  The  frequencies  shown  in  both  table  II 
and  the  graphs  of  figure  3  are  those  at  which  the  largest  vibration  levels  were 
observed.  The  data  in  figures  3(a)  to  3(h)  correspond  to  aircraft  having  two-bladed 
rotors  (figs.  3(a)  to  3(c)),  four-bladed  rotors  (figs.  3(d)  and  3(e)),  tandem  three- 
bladed  rotors  (figs.  3(f)  and  3(g)),  and  a  six-bladed  rotor  (fig.  3(h)).  Examination 
of  these  figures  shows  that  the  peak  floor  acceleration  levels  due  to  individual  pre¬ 
dominant  frequencies  reached  relatively  high  levels  within  several  aircraft  (e.g., 

H-5  and  H-7)  and  moderate  levels  in  all  of  the  aircraft.  No  systematic  variation  of 
peak  acceleration  levels  as  a  function  of  flight  condition  or  axis  of  vibration  is 
apparent.  The  range  of  peak  accelerations,  however,  does  include  levels  which  could 
compromise  ride  quality. 

It  is  generally  expected  that  the  highest  accelerations  will  occur  at  the  blade 
passage  frequency  NP;  this  did  occur  for  most  of  the  aircraft  measured  in  the  pres¬ 
ent  study.  In  certain  cases,  however,  the  highest  accelerations  were  experienced 
at  a  multiple  of  NP;  this  occurred  in  the  lateral  direction  at  2NP  (or  4P)  for 
aircraft  H-3.  (See  fig.  3(c).)  For  aircraft  H-7  with  tandem  three-bladed  rotors, 
the  6P  accelerations  were  largest  (table  II  (g));  this  was  due  to  the  reduction 
of  the  3P  accelerations  by  use  of  cockpit  vibration  absorbers  (used  only  on  air¬ 
craft  H-7)  tuned  to  the  3P  frequency. 

Acceleration  spectra.-  Figures  4(a)  to  4(h)  show  vertical  rms  acceleration  spec¬ 
tra  for  the  normal  cruise  condition  of  each  aircraft.  The  acceleration  levels  are 
shown  in  grms  units.  The  predominant  frequencies  are  indicated  on  each  figure. 

These  figures  clearly  demonstrate  the  discrete  frequency  character  of  the  measured 
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vibration  data  for  each  aircraft  and  thereby  support  the  assumption  made  in  the  pro¬ 
cedure  (see  "Vibrational  Analysis")  for  determining  peak  acceleration  level  at  the 
rotational  frequencies  and  associated  harmonics.  It  should  be  noted  that  values  of 
rms  acceleration  taken  from  these  figures  and  converted  to  peak  acceleration  may  vary 
slightly  from  the  values  listed  in  table  II.  This  is  because  the  values  in  table  II 
were  derived  from  power  spectral  density  data  provided  as  output  of  the  TSA  program 
whereas  the  spectra  of  figure  4  were  obtained  from  real-time  narrow-band  analysis 
using  a  frequtney  analyzer.  (See  section  "Data  Reduction.")  These  differences, 
however,  are  small.  The  data  of  figure  4  show  that  significant  vibrations  are  pres¬ 
ent  within  each  helicopter  at  frequencies  well  within  the  range  known  to  adversely 
affect  ride  quality,  namely  in  the  range  below  30  Hz.  The  vibration  spectra  for  the 
lateral  and  longitudinal  axes  are  not  shewn  in  this  report  since  they  exhibit  spec¬ 
tral  characteristics  similar  to  those  shown  for  the  vertical  axis  but  with  generally 
lower  levels.  However,  accurate  assessment  of  helicopter  ride  quality  will  also  have 
to  account  for  the  additional  effects  of  the  combined  axes. 

Exceedance  data.-  An  optional  output  available  from  the  T8A  program  is  the  com¬ 
putation  of  a  parameter  similar  to  a  frequency  count  in  grouped  frequency  distribu¬ 
tion.  This  parameter  is  called  percent  exceedance  and  is  defined  as  follows:  for  a 
signal  time  history  of  finite  length,  percent  exceedance  is  the  percent  of  time 
(relative  to  the  total  signal  record  length)  that  the  signal  takes  on  values  between 
given  upper  and  lower  limits.  The  usefulness  of  the  exceedance  data,  particularly 
for  random  signals,  lies  in  the  fact  that  it  provides  information  with  regard  to  the 
relative  frequency  of  occurrence  of  extreme  values  of  the  signal.  Hie  exceedance 
data  for  the  present  study  are  presented  in  table  IV  for  vertical  vibration  at  the 
cruise  condition  for  each  aircraft.  The  data  in  table  IV  indicate  that  peak  accel¬ 
eration  levels  in  excess  of  ±0.60g  occurred  on  two  aircraft  (H-6  and  H-8),  that 
levels  of  ±0. 50g  or  greater  occurred  on  five  aircraft  (H-4,  H-5,  H-6,  H-7,  and  H-8), 
and  that  all  aircraft  experienced  peak  levels  up  to  ±0.20g.  These  levels  occurred, 
however,  relatively  infrequently,  as  indicated  by  the  low  percent  exceedance  values 
for  the  extreme  levels  measured  for  each  aircraft. 

Overall  root-mean-square  acceleration.-  Overall  vibration  levels  over  the  fre¬ 
quency  range  cf  0.1  Hz  to  30  Hz  are  listed  in  table  III  in  terms  of  rms  (root -mean- 
square)  acceleration  levels  in  each  axis  and  shown  in  figures  5(a)  to  5(c)  as  a  func¬ 
tion  of  airspeed  for  each  aircraft.  It  should  be  recalled  that  these  levels  reflect 
vibrations  predominantly  at  frequencies  below  30  Hz  because  of  the  instrumentation 
roll-off  characteristics.  Inspection  of  figures  5(a)  to  5(c)  shows  that  the  overall 
rms  acceleration  levels  in  each  axis  vary  substantially  with  flight  speed  and  that 
these  variations  do  not  appear  to  be  very  systematic  in  nature.  Also  evident  is  a 
considerable  variation  in  overall  acceleration  level  fron  aircraft  to  aircraft. 

These  data  are  summarized  in  a  more  convenient  form  in  figure  6,  which  shows  the 
range  over  flight  conditions  of  overall  rms  acceleration  level  for  each  axis  and 
aircraft.  In  most  cases  the  vertical  vibration  levels  were  highest  and  longitudinal 
vibrations  were  lowest.  Exceptions  to  this  were  aircraft  H-2  and  H-6.  From  the 
standpoint  of  the  ride  quality  of  these  eight  aircraft,  the  range  of  acceleration 
depicted  in  figure  6  exceeds  existing  ride  quality  vibration  criteria. 


Interior  Noise 

One-third  octave  spectra.-  One-third  octave  spectra  for  each  aircraft  in  the 
cruise  condition  are  shown  in  figures  7(a)  to  7{i).  These  figures  present  the  sound 
pressure  levels  within  each  one^third  octave  band  for  center  frequencies  between  4  Hz 
and  16  000  Hz.  The  levels  are  in  decibels,  referenced  to  20  ^tPa.  Also  indicated  on 


o 


each  figure  is  the  overall  sound  pressure  level  (OASPL).  Both  OASPL  and  "A"-weighted 
sound  pressure  levels  LA  are  given  in  table  V  for  all  measured  flight  conditions. 

Figures  7(b)  to  7{i)  she..*  that  both  the  interior  noise  levels  and  frequency 
content  vary  significantly  from  aircraft  to  aircraft.  Overall  noise  levels  (OASPL) 
ranged  from  1D7  dB  (aircraft  H-l)  to  121  dB  (aircraft  H-6);  the  corresponding  values 
of  la  were  94  dB  and  106  dB,  respect.' vely.  For  all  of  the  aircraft  the  highest 
one-third  octave  level  occurred  within  the  one-third  octave  band  containing  the  blade 
passage  frequency.  However,  figures  7(d)  and  7(h)  indicate  that  the  maximum  noise 
level  was  in  the  band  containing  the  second  harmonic  of  the  blade  passage  frequency. 
This  indication  is  due  to  the  fact  that  the  tape-recorder  response  rolled  off  at  the 
lower  frequencies  (9  dB  down  at  10  Hz  and  4  dB  down  at  12.5  Hz).  When  the  noise 
levels  are  corrected  for  tape  recorder  roll-off,  it  is  noted  that  the  highest  one- 
third  octave  noise  levels  for  aircraft  H-3  and  H-7  also  occur  in  the  one-third  octave 
containing  NP.  (Note:  The  low-frequency  roll-off  shown  on  each  chart  of  figure  7 
is  due  to  the  tape-recorder  frequency  response  characteristics.)  Higher  harmonics  of 
the  blade  passage  frequency  are  evident  in  most  of  the  spectra,  and  it  is  the  higher 
harmonics  that  would  most  likely  influence  passenger  annoyance  and,  hence,  affect 
overall  ride  quality. 

Noise  levels.-  The  variations  of  overall  sound  pressure  level  (OASPL)  and 
"A"-weighted  sound  pressure  level  LA  with  flight  condition  are  shown  in  figures  8 
and  9.  For  both  noise  metrics  the  levels  remain  relatively  constant  over  most  of  the 
flight  speed  range  although  several  aircraft  { H— 1 ,  H-3,  H-5,  and  H-8)  indicated 
increased  interior  "A"-weighted  noise  levels  at  the  higher  speeds.  Generally,  how¬ 
ever,  the  noise  levels  remained  within  3  dB  relative  to  the  IGE  hover  condition. 
Several  additional  points  of  interest  with  regard  to  the  data  presented  in  figures  8 
and  9  include  the  following:  First,  the  range  of  values  of  OASPL  between  aircraft  is 
much  less  than  the  range  of  values  of  L^.  This  results  from  the  fact  that  the  "A"- 
weighted  sound  pressure  level  is  the  sound  pressure  level  modified  to  attenuate  the 
effects  of  sound  at  frequencies  less  than  1000  Hz  and  greater  than  5000  Hz.  Sound  at 
frequencies  between  1000  Hz  and  5000  Hz  is  slightly  emphasized  (ref.  11).  Hence, 
aircraft  with  two-bladed  rotors  will  usually  show  the  greatest  reduction  in  level  due 
to  "A"-weighting?  this  is  evident  in  figures  8  and  9  since  aircraft  H-1,  H-2,  and  H-3 
have  two-bladed  rotors  and  generate  significant  acoustic  energy  at  low  frequencies. 
The  noise  level  of  aircraft  H-5  was  also  significantly  lowered  by  "A"-weighting, 
because  it  has  a  four-bladed  rotor  and  its  dominant  noise  band  is  at  the  4P  fre¬ 
quency  (17.5  Hz).  Another  point  of  interest  is  that  the  relative  ranking  of  the 
aircraft  in  terms  of  OASPL  and  LA  differ  substantially.  Since  Lft  is  usually 
considered  to  be  a  metric  that  correlates  well  with  human  annoyance  response,  the 
relative  levels  shown  in  figure  8  may  be  useful  in  roughly  assessing  relative  subjec¬ 
tive  acceptance  of  the  measured  environments.  This  interpretation  must  be  used  with 
caution,  however,  since  LA  does  not  account  for  tonal  effects  or  for  the  effects  of 
noise  duration.  Thus,  Lft  may  not  be  the  best  available  metric  for  the  assessment 
of  helicopter  noise  since  a  large  part  of  the  aircraft's  acoustic  energy  is  of  a  low- 
frequency  tonal  character.  It  is  reasonable  to  conclude,  however,  that  OASPL  may  not 
be  useful  as  an  indicator  of  relative  ride  quality  and  that  Lft  provides  a  better 
indicator  of  the  impact  of  noise  on  ride  quality  of  tnese  aircraft. 


Comparison  With  Available  Criteria 

This  section  discusses  the  relationship  of  the  noise  and  vibration  data  pre¬ 
sented  in  the  previous  sections  to  existing  standards  and/or  criteria.  The  vibration 
data  are  compared  to  the  1-hour  reduced  comfort  boundary  (RCB)  and  the  1-hour  fatigue 


decreased  proficiency  boundary  ( FDPB )  defined  by  the  International  Standards 
Organization  (ISO)  in  reference  12.  Comparisons  are  also  made  with  the  discomfort 
threshold  contour  developed  in  research  conducted  by  the  National  Aeronautics  and 
Space  Administration  (NASA)  and  reported  in  reference  13.  The  noise  data  are  com¬ 
pared  to  the  recent  military  standard  MIL-STD-1294  (ref.  14),  for  interior  noise 
limits  in  helicopters,  and  to  an  "A"-weighted  level  corresponding  to  the  threshold  of 
annoyance  for  simulated  turboprop  interior  noise  (ref.  15).  '.t  should  be  kept  in 

mind,  however,  that  the  most  meaningful  comparison  should  be  to  criteria  that  reflect 
the  combined  effects  of  vibration  and  noise.  Such  criteria  are  not  currently  avail¬ 
able  although  the  NASA  ride  comfort  model  approach  of  reference  13  offers  a  possible 
approach  to  defining  combined  criteria. 

Con^ar ison  with  vibration  criteria.-  Comparisons  of  measured  peak  acceleration 
levels  at  various  blade  passage  frequencies  to  the  ISO  1-hour  RCB  and  FDPB  and  to  the 
NASA  discomfort  threshold  curve  are  shown  in  figures  10(a),  10(b),  and  10(c)  for  the 
vertical,  lateral,  and  longitudinal  directions,  respectively.  Each  aircraft  (except 
H-7)  is  designated  with  a  symbol  and  is  plotted  at  its  blade  passage  frequency.  The 
data  for  aircraft  H-7  are  plotted  at  the  frequency  of  the  2NP  (6P)  component  of 
vibration  since  6P  was  the  dominant  component  for  this  aircraft.  The  upper  and 
lower  symbols  on  each  vertical  line  represent  the  highest  and  lowest  acceleration 
levels  measured  over  the  aircraft's  airspeed  range.  These  data  indicate  that  six  of 
the  eight  aircraft  experienced  vertical  vibration  levels  which  exceeded  either  the 
ISO  1-hour  RCB  or  the  NASA  discomfort  threshold  limits.  Three  of  these  aircraft 
(H-3,  H-5,  and  H-7)  exceeded  the  vertical  acceleration  limits  by  substantial  margins, 
indicating  significant  reduction  in  ride  quality.  None  of  these  aircraft  exceeded 
the  vibration  criteria  for  the  lateral  and  longitudinal  axes  of  vibration.  (See 
figs.  10(b)  and  10(c).)  It  is  possible,  however,  that  the  combined  effects  of  the 
individual  vibrations  could  act  to  produce  uncomfortable  levels. 

Comparison  with  noise  criteria.-  The  ranges  of  the  "A"-weighted  noise  levels  for 
the  military  aircraft  of  this  paper  are  compared  to  the  "A"-weighted  annoyance 
threshold  value  (ref.  15)  in  figure  11(a).  It  is  seen  that  the  interior  noise  mea¬ 
sured  within  each  aircraft  exceeds  the  annoyance  threshold  by  a  considerable  margin 
and  would  be  totally  unacceptable  without  ear  protection.  The  SPH-4  helmet  (ref.  16 
and  table  VI)  worn  by  Army  helicopter  crew  members  affords  19  to  24  dB  overall  atten¬ 
uation  of  the  interior  noise  "A" -weighted  spectrum  in  the  range  of  63  Hz  to  2000  Hz. 
The  "A"-weighted  noise  levels  corrected  for  helmet  attenuation  are  shown  in  fig¬ 
ure  11(b).  This  figure  indicates  that  only  four  aircraft  (H-4,  H-6,  H-7,  and  H-8) 
definitely  exceed  the  annoyance  threshold  over  the  total  range  of  flight  conditions. 
Whether  these  levels  would  be  sufficient  to  adversely  affect  military  mission  per¬ 
formance  is  not  known. 

Comparisons  of  the  interior  octave  band  noise  spectra  at  cruise  with  the  most 
recent  military  limit  design  criteria  (ref.  14)  are  shown  in  figures  12(a)  and  12(b). 
Figure  12(a)  presents  comparisons  for  helicopters  having  gross  weights  under 
20  000  lb,  and  figure  12(b),  for  helicopters  with  gross  weights  in  excess  of 
20  000  lb.  The  levels  shown  in  figures  12(a)  and  12(b)  have  been  corrected  for  hel¬ 
met  attenuation;  this  was  done  since  MIL-STD-1294  represents  design  limit  levels  for 
crew  members  wearing  helmets  (SPH-4  for  Army  crew  members  and  helmets  with  similar 
attenuation  characteristics  for  Navy  crew  members)  and  for  passengers  using  approved 
hearing  protection.  This  comparison  indicates  that  the  helmets  effectively  reduce 
the  levels  such  that  they  fall  well  below  the  design  limit  curves;  this  does  not  mean 
that  the  levels  would  not  be  annoying.  For  example,  recall  the  results  of  fig¬ 
ure  11(b),  which  showed  that  several  aircraft  produced  annoyance  levels  in  excess  of 
the  annoyance  threshold.  The  levels  probably  are  not  sufficient  to  adversely  affect 


mission  performance,  but,  when  combined  with  the  vibration  environment,  they  usually 
produce  additional  degradation  of  passenger  ride  quality.  Occasionally,  passengers 
may  not  have  or  use  hearing  protection.  In  this  case,  it  is  appropriate  to  compare 
the  noise  spectra  without  helmet  corrections  to  MIL-STD-1294.  The  comparison  is 
shown  in  figures  13(a)  and  13(b)  from  which  it  is  seen  that  some  octave  band  noise 
levels  for  each  aircraft  exceed  specified  limits.  The  results  indicate  the  import¬ 
ance  of  providing  and  insisting  upon  the  use  of  approved  hearing  protection  devices 
when  flying  in  these  aircraft. 


Passengar  Ride  Quality  Considerations 

This  section  discusses  the  implication  of  the  results  presented  earlier  in  the 
paper  with  regard  to  the  achievement  of  helicopter  passenger  ride  quality  comparable 
to  that  of  commercial  jet  transports.  It  should  be  understood  that  levels  of  noise 
and/or  vibration  consistent  with  a  "jet-smooth"  ride  are  much  less  than  those 
required  to  assure  acceptable  mission  performance.  Consequently,  attainment  of  such 
levels  will  entail  additional  costs  for  vibration  and  noise  suppression  systems. 

Comparisons  of  vibrations  (fig.  10)  and  interior  noise  (fig.  11)  to  several  ride 
quality  criteria  indicated  the  extent  to  which  reductions  in  noise  and  vibration  may 
be  required  in  order  to  achieve  acceptable  passenger  ride  quality.  For  vibration,  it 
was  observed  that  substantial  reduction  in  vibration  levels  associated  with  specific 
blade  passage  frequencies  would  be  necessary  to  bring  the  levels  within  the  ISO  and 
NASA  criteria  limius  for  most  of  the  aircraft  discussed  in  this  paper.  This  would 
require  improvements  in  the  existing  vibration  reduction  systems  or  implementation  of 
additional  vibration  control  systems. 

For  the  noise  environment,  it  was  seen  that  (corrected  for  helmet  attenua¬ 

tion)  exceeded  the  annoyance  threshold  on  four  of  the  eight  aircraft.  All  of  the 
aircraft  data  corrected  for  helmet  attenuation  met  the  requirements  of 
MIL-STD-1294.  To  bring  all  of  the  aircraft  below  the  annoyance  threshold  limits 
would  require  adding  noise  control  treatment  to  those  aircraft  which  exceeded  the 
limit.  An  example  of  a  current  noise  control  treatment  that  was  effective  in  quiet¬ 
ing  a  large  civil  helicopter  (similar  to  aircraft  H-8)  is  described  in  reference  6. 
That  particular  treatment  resulted  in  an  average  reduction  in  Lft  of  about  28  dB 
with  a  weight  penalty  of  approximately  1  percent  of  mission  gross  weight.  Certainly 
there  are  many  missions  for  which  passenger  ride  comfort  is  relatively  unimportant  as 
long  as  crew  performance  and  mission  objectives  are  not  compromised.  There  remains, 
however,  a  large  number  of  missions  (i.e.,  civil  transports,  military  gunships,  and 
military  executive  aircraft)  for  which  improved  ride  quality  offers  distinct 
benefits. 

Another  question  that  should  be  considered  is  the  effect  of  the  combined  noise 
and  vibration  environment  upon  passenger  acceptance  and  the  development  of  realistic 
criteria  that  account  for  the  combined  effects.  The  only  method  known  to  exist  that 
accounts  for  both  noise  and  vibration  is  the  NASA  ride  comfort  model  approach  given 
in  reference  13.  This  method  produces  a  single  number  index  of  discomfort  that  is  a 
direct  correlate  of  passenger  comfort  within  the  combined  environment.  Additional 
studies,  using  a  ground-based  simulator,  should  be  conducted  to  directly  obtain  crew 
members'  subjective  reactions  to  the  combined  environments.  These  results  could  then 
be  used  to  validate  the  NASA  model  for  the  helicopter  environment. 


CONCLUDING  REMARKS 


Physical  measurements  of  helicopter  interior  noise  and  vibration  have  been 
obtained  on  eight  operational  military  aircraft.  The  data  were  extensively  analyzed 
and  presented  in  the  form  of  the  following  basic  physical  parameters:  cabin  interior 
noise  and  vibration  spectra,  overall  root-mean-square  acceleration  levels  in  three 
linear  axes,  peak  acceleration  at  dominant  blade  passage  frequencies,  acceleration 
exceedance  data,  and  overall  and  "A"-weighted  sound  pressure  levels.  Where  appro¬ 
priate,  the  data  were  compared  with  various  ride  quality  criteria.  The  acceleration 
levels  at  dominant  vibration  frequencies  were  compared  to  ( 1 )  the  ISO  reduced  comfort 
boundary,  (2)  the  ISO  fatigue  decreased  proficiency  boundary,  and  (3)  the  NASA  dis¬ 
comfort  criteria.  The  '^"-weighted  noise  levels  were  compared  to  simple  annoyance 
criteria  developed  during  NASA  interior  noise  research,  and  the  overall  noise  spectra 
were  compared  to  the  MIL-STD-1294  ("Acoustical  Noise  Limits  in  Helicopters").  It  is 
shown  that  specific  vibration  components  at  certain  harmonics  of  the  blade  passage 
frequency  for  several  aircraft  exceeded  both  the  ISO  reduced  comfort  boundary  and  the 
NASA  passenger  discomfort  criteria.  Further,  "A"-weighted  noise  levels,  corrected 
for  SPH-4  helmet  attenuation  characteristics,  exceeded  the  NASA  annoyance  threshold 
*or  several  aircraft.  The  overall  noise  levels  for  all  aircraft,  when  corrected  for 
helmet  attenuation,  fell  within  the  limits  of  MIL-STD-1294. 

Specific  comments  and  implications  of  these  results  relative  to  the  goal  of 
achieving  passenger  ride  quality  comparable  to  commercial  jet  transport  include  the 
following: 

1.  The  fact  that  a  number  of  vibration  components  exceeded  both  ISO  and  NAPA 
criteria  indicates  that  additional  effort  is  required  to  reduce  the  vibration 
environment  experienced  by  passengers  and  crew. 

2.  The  interior  noise  levels  within  all  of  the  aircraft  measured  in  this  study 
would  be  totally  unacceptable  to  passengers  without  hearing  protection.  Even  with 
helmets,  the  levels  were  unacceptable  in  four  of  the  eight  aircraft.  Thus,  for  air¬ 
craft  in  which  passenger  ride  quality  is  an  important  consideration,  additional 
acoustic  treatment  will  be  required. 

3.  The  interior  noise  levels  were  not  sufficient  to  impair  mission  performance 
for  crew  members  wearing  the  SPH-4  or  similar  helmets.  Thus,  for  aircraft  in  which 
military  mission  performance  is  the  primary  objective  and  passenger/crew  comfort  xs 
secondary,  it  would  be  unnecessary  to  reduce  either  vibration  or  noise  levels. 

4.  The  effects  of  the  combined  noise  and  vibration  environments  on  passenger 
acceptance  should  be  considered.  NASA  research  has  indicated  that  the  two  parameters 
interact  to  produce  a  total  passenger  discomfort  response  greater  than  either  indi¬ 
vidual  component.  Criteria  are  needed  which  would  effectively  and  realistically 
account  for  the  combined  effects. 


Langley  Research  Center 

National  Aeronautics  and  Space  Administration 
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TABLE  IV.-  ACCELERATION  EXCEEDANCE  FOR  VERTICAL  DIRECTION 
AT  CRUISE  CONDITION  FOR  EACH  AIRCRAFT 


Peak  acceleration, 
gp,  g  units 


<-0.60 

-0.60  to  -0.55 
-.55  to  -.50 
-.50  to  -.45 
-.45  to  -.40 
-.40  to  -.35 
-.35  to  -.30 
—.30  to  —.25 
—  .25  to  —.20 
-.20  to  -.15 
-.15  no  -.10 
-. 10  to  -.05 
-.05  to  .00 
.00  to  .05 
.05  to  .10 
.10  to  .15 
.15  to  .20 
.20  to  . 25 
.25  to  . 30 
•  3  0  to  .35 
.35  to  .40 
.40  to  .45 
.45  to  .50 
.50  to  .55 
.55  to  • 60 
>0.60 


Acceleration  exceedance,  percent 


H-4  H-5  H-6  H-7 


0.36 
2.71 
10. 2j 

17.05 

23.28 

21.61 

14.91 

6.78 

2.29 

.59 

.19 

.01 


0.07 

.84 

7.83 

23.58 

31.22 

20.45 

10.38 

4.66 

.94 

.03 


0. 11 
.76 
4.05 
9.01 
16.18 
20.97 
23.08 
16.10 
7.42 
1.77 
.38 
.14 
.01 


.04 

.15 

.35 

1.07 

2.08 

4.25 

6.75 

9.72 

11.62 

13.37 

13.33 

12.03 

9.95 

6.89 

4.17 

2.48 

1.08 

.52 

.13 

.01 


0.01 

.19 

.83 

2.84 

5.23 

7.07 

8.46 
9.67 
9.58 
9.13 
7.41 
6.51 
6.38 
6.66 
6.55 

5.47 
3.98 
2.54 
1.21 

.29 

.02 


6.08 

7.64 

7.68 

6.83 

4.89 

4.44 

3.95 

3.49 

3.46 

3.42 

3.24 

3.78 

3.60 

5.41 
8.94 

10.92 

6.42 
2.04 

.21 

.01 


0.01 
.00 
.05 
.23 
.52 
1.  14 
2.05 
3.08 
4.74 

6.83 

8.10 

9.84 
10.11 
10.03 
10.29 

9.23 

8.31 

6.96 

4.30 

2.34 

1.28 

.40 

.13 

.03 
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(c)  Aircraft 


Figure  1 .  •  Continued 


Figure  1.-  Continued 


(i)  Tape  recorders  located  in  aircraft  H-7 
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Figure  3.-  Concluded 
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(b)  Aircraft  H-2. 


Figure  4.-  Continued 


(d)  Aircraft  H-4. 


Figure  4.-  Continued 
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(e) 

Figure 


Frequency,  Hz 

Aircraft  H-5. 

4.-  Continued. 


Frequency,  Hz 


(f)  Aircraft  H-6. 


Figure  4.-  Continued 


Frequency,  Hz 


(g)  Aircraft  H-7. 


Figure  4.-  Continued 


Frequency,  Hz 


(h)  Aircraft  H-8. 


Figure  4.-  Concluded 
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Figure  5.-  Continued 


Figure  5 Continued 
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(c)  Longitudinal  direction 


Figure  5.-  Concluded 
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Figure  7.-  One-third  octave  band  spectra,  cruise  condition. 
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(b)  Aircraft 
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(c)  Aircraft  H- 
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(d)  Aircraft  H- 


OASPL= 1 1 5dB 


(e)  Aircraft  H- 
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Figure 


OASPL= 1 21 dB 


(g)  Aircraft 


OASPL= 1 1 8dB 


<h)  Aircraft 


Figure  9.-  Variation  of  "A"-weighted  sound  pressure  level  with  airspeed 


Figure  11.-  Ranges  of  interior  "A"-weighted  noise  levels  compared  to  an  annoyance  threshold  (ref.  15) 


w 


(b)  With  ear  protection 


SPL, 


Figure  12.-  Comparison  of  interior  noise  spectra  with  noise  limit  design 
criteria  (ref.  14)  corrected  for  helmet  attenuation. 


(a)  Criteria  for  helicopter  gross  weight  under  20  000  lb. 

Figure  13.-  Comparison  of  interior  noise  spectra  with  noise  limit  design 
criteria  (ref.  14)  with  no  helmet  correction. 
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